Abstract Accurate vehicle positioning information is essential reliable operation of advanced driver assistance systems (ADAS). Conventionally, fusing information by attaching an inertial measurement unit (IMU) to the outside of the vehicle with GPS is widely used for this purpose. However, because a linear tire model is used as the dynamic model for positioning estimation, most methods have low vehicle positioning accuracy during high speed driving. This paper proposes a position estimation algorithm that rectifies this problem. The proposed algorithm is equivalent to a high-precision DGPS but fuses information from the inexpensive GPS in the vehicle and vehicle status information acquired from modules such as electronic stability control (ESC) and electric power steering (EPS) via controller area network (CAN) communication and extended Kalman filter (EKF) without a special linearization process.
Introduction
In recent years, studies on advanced driver assistance systems (ADASs) have been actively conducted by major automotive manufacturers in Korea and overseas [1] . For stable operation of ADAS, it is very important that timely and accurate vehicle position information is obtained. The most widely used method to obtain vehicle position information is the global positioning system (GPS). Using GPS information, the position, speed, and time of a vehicle can be acquired. However, using a GPS has some limitations in that satellite signals are often interrupted and the accuracy of positioning information is very low in downtown areas, mountainous regions, and tunnels. To overcome these limitations, a number of studies on information fusion technology, in which sensors such as inertial measurement units (IMUs) are attached to fuse various pieces of information, have been conducted [2] [3] .
Kalman filter (KF) and extended Kalman filter (EKF), which can be applied without special linearization even if nonlinear models are utilized, have been used to fuse information obtained from various sensors. In EKF models, various types of vehicle dynamic models are used. However, most existing vehicle models employ a linear tire model, which results in the models not being able to estimate the vehicle's position accurately because they cannot accurately simulate a tire slip during high speed driving [2] [3] .
Most vehicles on the market in recent years come equipped with electronic stability control (ESC) and electric power steering (EPS) modules and their speed, acceleration, and steering angle can be acquired via controller area network (CAN) communication. Consequently, this paper proposes a position estimation algorithm that uses inexpensive satellite navigation systems and vehicle status information obtained via CNA communication. In addition, a very accurate position estimation algorithm that utilizes a nonlinear tire vehicle model is applied to the EKF algorithm. Finally, efficacy of the proposed algorithm was evaluated using the commercial automotive simulation model (ASM) program from dSPACE Company.
Vehicle Position Estimation Algorithm

Vehicle Dynamic Model
In this study, a bicycle model, which approximates both right and left wheels as a single wheel, was used as the vehicle dynamic model, as shown in Fig. 1 . Eq. (1) shows the equation of motion of this vehicle dynamic model with three degrees of freedom, considering longitudinal, lateral, and yaw directions from the center of gravity. 
Nonlinear Tire Model
A tire is characterized by strong nonlinearity; therefore, it should be modeled using a simple physical model for accurate experimental results. Because it has very strong nonlinearity, it is modeled through repetitive experiments. Although various tire models have been proposed, this study employed a tire model proposed by Dugoff to calculate the force of the tire in the longitudinal and lateral directions [4] . Using a few variables, the Dugoff tire model yields a performance similar to the results of a real test. The Dugoff tire model can be expressed using Eqs. where, 
Position Estimation Algorithm
A vehicle's position is estimated using the vehicle dynamic model, nonlinear tire model, and the EKF [5] . The equation of state in the EKF and the measurement equation is shown in Eq. (4):
Simulation and Results
A driving test was conducted at 72 km/h (20 m/s 2 ) maximum speed on a 2510 m-long Hockenheimring track. To ensure a large tire slip, we set the acceleration in the longitudinal and lateral directions to a maximum of 5 m/s 2 . In addition, noise was added to the vehicle location, acceleration, and yaw information to create a test environment similar to that of real driving. The simulation results showed that the algorithm proposed in Fig. 2 estimated the reference signal more accurately than the GPS did. The location error at each axis was also found to be within ±1 m, as shown in Fig. 3 . 
Conclusion
In this paper, a vehicle position estimation algorithm was proposed for reliable operation of ADAS. The proposed algorithm estimates a vehicle's position using the vehicle's internal sensors, inexpensive satellite navigation devices, a vehicle dynamic model, a nonlinear tire model, and EKF. The results of simulations conducted via a commercial program using the proposed algorithm showed that the position errors for each axis were within ±1 m.
